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Abstract:  A phosphonate coupling molecule containing a vinyl double bond was 
synthesized and anchored onto the surface of TiO2 nanoparticles.  Diffuse reflectance 
infra-red (DRIFT) spectroscopy confirmed the presence of the coupling molecule on the 
particulate surface while thermogravimetric analysis revealed the coupling molecule 
covered 28% of the surface.  Methyl methacrylate was free radically polymerized through 
the immobilized vinyl bond on the surface in the presence of the reversible addition-
fragmentation chain-transfer (RAFT) agent 4-cyanopentanoic acid dithiobenzoate using 
2,2'-azobisisobutylnitrile (AIBN) as an initiator.  DRIFT measurements confirmed the 
presence of methacrylate groups on the surface.  Differential scanning calorimetry 
detected a weak glass transition for poly(methylmethacrylate) at ~65oC.  
Thermogravimetric analysis found that grafted PMMA accounted for 1.2% of the 
particle's mass.  In addition, a synthetic route was developed for a novel phosphonate-
dithioester coupling molecule, with progress made towards its synthesis.   
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Introduction: 
Modern trends in device technology are aimed toward the reduction in the size of 
components down to the nanoscale domain.  Subsequently, the field of polymer 
chemistry has responded by developing new ways to synthesize, in a controlled fashion, 
complex functional macromolecular architectures tailored to meet specific needs.  One 
such endeavor is the use of organic polymers to incorporate inorganic nanoparticluates 
into materials termed hybrids or nanocomposites.1  This study deals with the foundational 
development and investigation of chemical methods which may potentially afford one to 
have a large degree of synthetic freedom as well as control on the nanoscale when 
preparing hybrid materials.  The hybrids produced with these methods can contain a wide 
array of both polymer compositions as well as nanoparticulate substrates.   
Metal oxides in particular exhibit a diverse range of interesting magnetic, 
electronic, and optical properties which one might wish to utilize in many applications.  
When incorporated into hybrid materials, they are traditionally used as pigments to 
enhance the appearance and durability of polymeric materials.2  Properties such as 
wettability, solubility, corrosion resistance, modulus, strength, gas permeability, heat 
resistance, and flammability can also be tuned by treating inorganic substrates with 
polymer chains.3,4  Due to quantum size effects and the dramatic increase in surface area 
with the decrease in particle size, the electronic and optical properties of nanoparticulate 
metal oxide particles differ from those of bulk materials2.  Titanium dioxide (TiO2) is the 
specific focus of this experimental inquiry however; consideration is given to developing 
a general method which can potentially be applied to a range of metal oxides.   
 2
Recent years have witnessed an increase in interest into the modification of TiO2 
particles for a variety of scientific endeavors such as self assembled monolayers,5 
photoelectrochemical cells utilizing films of nanocrystalline TiO2,6,7ceramic membranes,8 
enzymatic catalyses,9 nanocrystalline TiO2 electrodes,10 and optical read-write-erase 
devices.11  Therefore, a robust chemical method for their incorporation into hybrid 
materials is highly desirable.  However, incorporating nanoparticles into devices in a 
controlled fashion can be problematic.12,13  Due to their large surface area, nanoparticles 
are prone to flocculation and aggregation.  In general, van der Waals forces provide the 
attractive forces which hold the particles together.  As shown in Figure 1, the attractive 
force between the two particles is a function of the distance.   
 
Figure 1 
Three interaction potentials acting on particle in contact with a grafted layer (dashed lines) and the total 
interaction potential (solid line) as a function of distance between them.14 
As the distance between two particles decreases they experience a greater and greater 
attraction for one another and as a result will stick together.  Conversely, as the distance 
between two particles increases, the particles experience less and less attraction for one 
another.  Therefore, if the particles can be prevented from getting close enough to one 
another, aggregation can effectively be prevented.  The repulsive forces act to keep the 
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particles separated.  The overall result is an energy barrier which must be overcome if two 
particles are to agglomerate with one another as is depicted as the solid line in Figure 1. 
One method of keeping the particles separated is to coat the particles with 
polymer chains which are tethered at one end to the solid surface.  If the density of the 
tethered chains is sufficiently high, the chains stretch away from the surface to avoid 
overlapping one another.  This is referred to as a polymer brush.  When two coated 
particles approach one another, the high osmotic pressure within the brushes cause the 
chains to, in effect, act as springs providing the repulsive forces which keep the particles 
separated.  With the appropriate choice of polymer functionality, stable dispersions can 
be prepared for various solvent systems.  From the resulting dispersions, thin films can be 
prepared in which the metal oxide nanoparticles are evenly spaced out.  In fact, the length 
of the polymer chains affects the final spacing of the nanoparticles in the film.  Therefore, 
control over polymer length provides a means to control the 2-dimensional and 3-
dimensional packing of nanoparticles. 
 To effectively coat a nanoparticle, polymer chains must be tethered in some 
fashion to the surface. There are both reversible and irreversible methods to anchor a 
polymer chain onto a surface.  Physisorption is a reversible self assembly on the 
particulate surface of block copolymer surfactants in which one block has a greater 
affinity for the surface than the other.  As a result, one segment will adsorb onto the 
surface while the block with the smaller affinity for the surface extends outward into the 
solvent.  Figure 2 depicts a general representation of the physisorption process. 
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Figure 2 
General depiction of physisorption of block copolymer surfactants.15 
These processes are based on weak interactions, namely van der Waals forces and 
hydrogen bonding; accordingly, the chains are not strongly bound to the surface and can 
easily be displaced by solvation, increased temperature or mechanical stress.  The balance 
of the solvation of the brush segment and selective adsorption of the anchor segment are 
specific to the solvent-surface combination and change the behavior of the chains at the 
surface.  Physisorption is an equilibrium process and changes in polymer and solvent 
concentrations change the number of polymer chains adsorbed per unit surface area.  The 
number of polymer chains adsorbed is also dependant on such factors as block segment 
length and composition, and presence of other organic molecules.  The fact that the 
process of physisorption is governed by many reversible processes means this method has 
limited utility for tailoring surfaces with specific and complex polymer architectures that 
will remain stable over a large range of conditions.  
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To achieve this stability, an irreversible covalent attachment of the chain to the 
surface is necessary. Covalent attachment can be accomplished by a number of methods.  
The first is termed “grafting to” the surface and is shown in Figure 3.   
 
 
Figure 3 
Tethering polymer chains to a solid surface by the “grafting to” method.15 
In this method, the particulate surface is first functionalized with a particular organic 
group labeled “A”.  Next, chains are synthesized by any of a number of standard 
polymerization methods.  One end of the chain is then functionalized to compliment the 
functionality on the surface.  This is depicted as “B” groups.  In the grafting step, the 
treated nanoparticles are mixed with the end-functionalized chains and allowed to react.  
When the chain end groups come into contact with the organic groups on the surface they 
react to form a covalent bond, effectively anchoring that chain to the surface.  Unlike 
physisorption, this method provides for a strong covalent anchoring of the chains to the 
surface, which provides a more robust platform for development of complex 
architectures.  With this approach, the reactivity of the chain end must be specifically 
chosen for the surface under question.  Typically thiol end groups are used for gold 
surfaces16,17 while hydroxyl and silyl terminated polymers for silicon oxide surfaces.18  
Using this “grafting to” approach, it is difficult to develop a single generic method which 
can be applied to a variety of surfaces.  The number of polymer chains that one can graft 
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to the surface is generally small.  The free volume swept out by each grafted chain acts as 
a barrier to the attachment of additional chains.  This means that grafting is increasingly 
difficult as more chains are added to the surface and also for chains of longer length.  
This limits the degree of control one has over the density of the grafted chains and 
prevents high density brushes from being obtained.  From a synthetic standpoint, the rates 
of bimolecular grafting reactions are dependant on the molar concentration of chain ends. 
Accordingly, such reactions are generally conducted with a large molar excess of 
functional polymer chains and removal of the ungrafted chains from the system can be 
difficult.  Thus, while grafting of preformed polymer chains to functional groups on the 
surface of metal oxide particles provides covalent attachment of chains to the surface, it 
lacks the degree of control of the graft density and does not lend itself to the achievement 
of high graft densities.  Current research has turned towards a second irreversible method, 
termed “grafting from”, illustrated in Figure 4.  
 
 
Figure 4 
Tethering polymer chains to a solid surface by the “grafting from” method.15 
Here, molecules which contain an initiating species are first covalently bound to the 
surface of the particle.  By surface-initiated polymerization, chain growth starts at the 
surface and propagates outward into the solution.  As in solution or bulk polymerizations, 
the initiator is able to polymerize any of a broad array of vinyl monomers.  Accordingly, 
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polymers of varying kink can be grown from the surface.  The rates of these radical chain 
reactions are dependant on the concentration of monomer in the system and are typically 
much faster that bimolecular “grafting to” reactions.  Low molar mass monomer 
molecules can easily diffuse to the surface of the particles and are easily extracted after 
the reaction is complete.  By varying the amount of initiator immobilized on the surface, 
grafting from surface bound initiator molecules provides for control over the grafting 
density, and has been shown to be capable of producing high grafting densities.  For these 
reasons, “grafting from” has emerged in the literature as the most promising route to 
synthesizing polymer brushes in a controlled manner. 
For classical free radical polymerizations, azo compounds have been anchored 
such surfaces as glass beads,19 silicon wafers,20 poly(vinyl alcohol) films,21 poly(ethylene 
terephthalate) films,21,22 and used to graft PMMA and PS brushes.21,50   Peroxides have 
been immobilized on glass beads23 and TiO2,24 and used to grow PS,21,23,24 
poly(butylacrylate),23 PMMA,24 and poly(acrylamide).21  However, the functionalization 
of the surface with initiators generally requires multiple steps.  Reactions run at 
nanoparticulate surfaces generally suffer from poor yields and therefore control over the 
amount of initiator immobilized on the surface is hindered.  Standard free radical 
polymerizations also offer little control over the molecular weight distribution of grafted 
chains. 
Recent advances in living polymerization have been applied to grafting chains 
from particulate surfaces.  They provide controlled means to synthesize chains of low 
polydispersity.  Cationic methods have been used to grow poly(N-acylethylenimine)25 on 
gold surfaces and PS from silicates26   And ε-caprolactone from silica and cadmium 
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sulfide,27  Anionic polymerization has been applied to grafting PS from gold substrates.28  
Ring opening metathesis polymerization (ROMP) has been used to grow 
poly(norbornene) from gold surfaces,29 and from silica;30 and norbornene based L-valine 
and L-phenylaniline monomers from silica and PS-(divinylbenze) substrates.31  ROMP 
polymerization is applicable only to cyclic olefins and anionic and cationic 
polymerization typically requires stringent reaction conditions.   
Stable free radical polymerizations (SFRP) opened the door to polymerization of 
a multiplicity of styrenic monomers under free-radical conditions which are generally 
tolerant to the presence of impurities.  SFRP mediates chain growth by rapid, thermally 
reversible, conversion of active growing chains to dormant “end capped” species.  Since 
the propagating chain spends a considerable amount of time in the dormant condition. 
free radical termination reactions such as coupling and disproportionation are effectively 
suppressed.  This leads to the formation of polymers with very low polydispersity.  The 
ratio between monomer and initiating species can be tuned to control molecular weight 
and to create pseudo-living conditions in which polymer chains grow linearly with time.  
When monomer has been consumed the chains remain in the dormant capped state and 
are capable of being re-initiated using different monomers, thus, providing a route to the 
synthesis of block and multi-block copolymers.  In addition to nitroxide-mediated SFRP, 
pseudo-living free radical polymerization has been realized by, transition metal-catalyzed 
atom-transfer radical polymerization (ATRP), and reversible addition-fragmentation 
chain-transfer polymerization (RAFT).   
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Nitroxide mediated polymerizations utilize the persistent radical effect using 
alkoxyamines which act as iniferters taking the role of initiator, transfer agent, and 
terminator.  The general process of this growth is depicted in Figure 5. 
 
Figure 5 
Generalized schematic for nitroxide mediated polymerization.32 
Free radicals are thermal generated by homolytic cleavage of the carbon oxygen bond, 
leaving an initiated monomer and a nitroxide radical.  The initiated monomer is free to 
propagate by adding monomer to the growing chain end.  The nitroxide radical 
subsequently recombines with the radical on the end of a growing chain to form a 
covalent bond, capping the chain and converting it to the dormant state.  Thermal 
cleavage of the carbon oxygen bond again removes the nitroxide cap, allowing the chain 
to propagate once again.  In this manner the chain is rapidly converted between active 
and dormant states.  The polymerization may be stopped by lowering the temperature of 
the system.  NMP has been used to polymerize styrenes, acrylamides, acrylates, and 
acrylonitrile monomers.   
Initial attempts using NMP in controlled “grafting from” surfaces were 
unsuccessful due to a very low concentration of initiators immobilized on the surface.  
This problem was overcome by adding free alkoxyamine initiators to the system and 
controlled growth of PS brushes from silicate was observed.33  In general, reaction rates 
in NMP reactions are slow compared to classical free radical polymerizations and must 
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be conducted at high temperatures. This fact, coupled with its limited selection of 
monomer have limited its application in grafting polymer brushes. 
ATRP was originally reported by Matyjaszewski et al. in 1995.  It has been used 
to polymerize styrenic, (meth)acrylamides, (meth)acrylates, acrylonitrile, and diene 
monomers with controlled molecular weights and low polydispersities.34 Free radicals are 
generated in the system via reversible redox reactions catalyzed by transition metal 
complexes.  Its mechanism is depicted in Figure 6.   
 
Figure 6 
Schematic representation of a metal catalyzed living radical polymerization process.35 
 
With the abstraction of a halogen atom from a dormant species (R-X) the transition metal 
complex undergoes a single electron oxidation to generate an active species.  The active 
radical species propagate in a similar manner to standard free radical polymerizations by 
attacking available monomer.  In addition to adding to monomer, growing chain ends are 
free to abstract the halogen atom from the transition metal complex, creating a capped 
dormant chain.  In this manner an equilibrium is established between dormant and 
growing chains.  When polymerization is finished, the chains remain in a capped dormant 
state and can be re-initiated to synthesize more complex molecules. 
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ATRP has been widely explored as a method for grafting chains from solid 
surfaces.  Ejaz et al. used Langmuir-Blodgett techniques to immobilize (4-
chlorosulfonylphenyl)ethyltrimethoxysilane on silicate surfaces and subsequently grew 
PMMA brushes of controlled molecular weight and polydispersity.36  Husseman et al.37 
have also successfully synthesized PMMA brushes on silicate through preparation of 5’-
trichlorosilylpentyl-2-bromo-2-methylproppionate SAMs used to initiate polymerization.   
The group of Wang has used ATRP to grow poly(acrylamide) (PAAM), PMMA, and 
PAAM-b-PMMA brushes on silica surfaces.38  While ATRP gives good control over 
chain growth, reaction rates are typically slow.  In addition, the presence of transition 
metal contaminants often means additional purification steps are required. 
In recent years RAFT polymerization has emerged as a very attractive method for 
producing pseudo living free radical polymerizations39,40, providing for control of 
molecular weight and molecular weight distributions with polydispersity indexes 
typically in the range of 1.03-1.25.41  Its main potential lies in its versatility towards the 
types of monomers it can polymerize, including styrenic, (meth)acrylamides, 
(meth)acrylates, acrylonitrile, vinyl acetates, vinyl formamide, vinyl chlorides as well as 
a range of other vinyl monomers.41  Another advantage of the RAFT process is that it is 
carried out in the same conditions as a classic free radical polymerization except with the 
addition of a chain transfer agent (CTA) also referred to as a RAFT agent.  As a result, 
RAFT polymerizations have been carried out in bulk, aqueous solutions,42 organic 
solutions, suspensions, emulsions, mini and micro emulsions, and ionic liquids43 and can 
be carried out at low temperatures.  In addition to simple homopolymers, a large variety 
of macromolecular structures have been synthesized via RAFT including statistical, 
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block, multiblock, gradient, and comb copolymers, telechelic (co)polymers, star, 
hyperbranched, and network (co)polymers.41   
The RAFT process utilizes classic free radical initiators and monomers but also 
includes the presence of a CTA.  These RAFT agents are most commonly dithioesters 
with the general structure shown in Figure 7.   
C
Z S
R
S
 
Figure 7:  General form of RAFT chain transfer agents. 
The Z group serves to activate or deactivate the reactivity of the C=S bond towards 
addition.  The R group must form a stable free radical.  A wide variety of RAFT agents 
bearing different Z and R groups have been synthesized and evaluated relative to their 
effectiveness in mediating the polymerization of vinyl monomers.44,45  Effective RAFT 
agents include: dithiobenzoates, dithioacetates, dithiocarbonates (xanthates), and 
trithiocarbonates. 
The kinetics of the RAFT process differs from those observed in both NMP and 
ATRP.  It involves the elementary steps of a conventional radical polymerization such as 
initiation, propagation, and termination. However, degenerative chain transfer reactions 
contribute as well, leading to two equilibria.  Figure 8 depicts the mechanism of RAFT 
polymerization.   
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Figure 8:  The mechanism of RAFT polymerization.46 
Polymerization begins when radicals are generated by decomposition of a peroxide or azo 
type free radical initiator.  The initiating radical species reacts with the monomer and in 
what has been termed the pre-equilibrium, the radicals on the ends of the propagating 
chains quickly attack the reactive C=S bonds of the CTA to produce a carbon centered 
intermediate radical.  This species may undergo a β-scission reaction which can either 
yield the reactants back, or release the R group as a radical fragment and leave the 
polymeric chain capped with the dithioester.  The R radical released is free to initiate new 
chains by attacking monomer or they may attack back on the dithioester capped chain.  
The dithioester capped state comprises the dormant species in a RAFT reaction.  It is 
critical to note the general form and function of the dormant dithioester adduct is the 
same as that of the original CTA.  The dormant polymer chain takes place of the R group.  
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This species is referred to as a macro chain-transfer agent (macro-CTA).  The pre-
equilibrium continues until all initiator is consumed and all R groups are released as 
radicals to initiate more chains.  At this point, what is considered the main equilibrium 
begins and is governed by the same mechanism of radical attack on the C=S bond 
followed by β-scission of the resulting intermediate radical.  However, in the main 
equilibrium stage this process takes place solely between propagating chains and macro-
CTAs, resulting in a rapid exchange of the dithioester cap.  This rapid exchange ensures 
each chain has the same probability of growth and minimizes termination reactions 
leading to the living characteristics observed.  When polymerization is finished, the 
chains remain in the capped state and can be re-initiated to form more complex 
molecules.   
The effectiveness and versatility of the RAFT process has made it an appealing 
candidate for adaptation in graft polymerization.  The first report of its use in graft 
polymerization did not appear until 2001. Since that time, the number of grafting studies 
using RAFT polymerizations has steadily increased.  Tsujii et al. were first to report the 
use of RAFT in grafting polymers from a surface.47  They initially grew PS oligomers 
from a silica surface using ATRP initiators immobilized on the surface.   Reaction with 1-
phenylethyl dithiobenzoate converted the grafted oligomers into dithioester capped 
macro-CTAs.  PS was subsequently grafted with the addition of initiator and free CTA.  
Early endeavors to adapt RAFT to surface grafting focused on the addition of free CTA 
to existing surface initiated free radical methods to control growth.  Fukuda et al. 
immobilized peroxide initiators on the surface of poly(tetrafluoroethylene-co-
hexafluorpropylene) films and grafted poly(2-hydroxyethyl methacrylate) brushes in the 
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presence of free CTA.48  Kang and coworkers immobilized azo-initiators onto Si(100) 
surfaces using a three step process then grafted poly(4-vinylbenzyl chloride) and 
poly(betaine) brushes using free CTA.  They reported improved results with the use of 
additional initiator in solution.48  Brittain et al. have also used immobilized azo initiators 
on the surface of silica.  With the addition of both free CTA and initiator, successful 
grafting of brushes consisting of homopolymers of styrene, methyl methacrylate, and 
N,N-dimethylacrylamide as well as PS-b-PDMA and PDMA-b-PMMA copolymers was 
achieved.49  Chen et al. immobilized azo initiators on the surface of poly(vinylidene 
fluoride) (PVDF) films and subsequently used free CTA to grow PMMA and 
poly(poly(ethylene glycol) monomethacrylate) (PPEGMA) homopolymer and block 
copolymer brushes.50  These methods allow for grafting a wide array of polymer with 
controlled molecular weights and narrow molecular weight distributions.  However, the 
presence of free CTA leads to the formation of large amounts of free non-grafted 
polymer. 
A more recent approach to utilizing the RAFT process in a “grafting from” 
scenario aimed to improving the efficiency of grafting.  It involved the anchoring of the 
RAFT agent directly to the surface.  Since no free CTA is used, the formation of free 
polymer was greatly reduced.  Anchoring of the RAFT agent to the surface can be 
accomplished via either the Z or R group, however most studies have chosen the R group. 
The R group leads to a scenario more closely resembling “grafting from”.51,52,53  The 
mechanism of this method for both approaches is depicted in Figure 9. 
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Figure 9:  Schematic diagram of RAFT polymerization from a surface 
using anchored dithioesters attached to the surface via Z and R 
groups.54 
In this method, free chains are initiated by conventional initiators and attack the C=S 
bond immobilized on the surface.  By the standard RAFT mechanism, homolytic 
cleavage of the C-S bond leaves the incoming chain capped with the dithioester 
containing the Z group and transfers the radical to the R group on the surface.  This 
radical on the surface then propagates by adding to monomer with the standard RAFT 
degenerative chain transfer applying.   
Tenhu and coworkers used dicyclohexylcarbodiimide (DCC) esterification to 
anchor a CTA containing a carboxylic acid as its R group to hydroxyl groups on the 
surface of gold nanoparticles.  With addition of AIBN and monomer, poly(N-
isopropylacrylamide) brushes were successfully prepared with good control.55  Similarly, 
Benicewicz and coworkers used the same CTA containing a carboxylic acid as its R 
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group.  However the acid group was activated by 2-mercaptothiazoline and coupled to 
amino groups which had been immobilized onto silica nanoparticles.  Initiator and 
monomer were added to the system to grow brushes of PS and PMMA in a controlled 
fashion, with the PDI of PMMA being lower for grafted chains than those formed in 
solution.56  Perrier et al. anchored CTAs on the surface of cellulose by reacting the 
surface hydroxyl groups with 2-chloro-2-phenylacetyl chloride followed by addition of 
phenylmagnesium chloride and carbon disulfide to yield the corresponding dithioester. 
With addition of AIBN and monomer, PS brushes were successfully prepared with good 
control.57  Wang et al. immobilized CTA on the surface of multiwalled carbon nanotubes 
and successfully grafted PS chains under RAFT conditions.58  RAFT has also been used 
to graft polymer chains to cadmium selenide.59  These methods all involve multiple 
reactions to functionalize the surface with the RAFT.   
An approach developed by Benicewitz et al. aimed at circumventing this 
drawback was to synthesize RAFT agents which can be immobilized in a single step.52  
To this end they synthesized the novel RAFT-siloxane shown in Figure 10.   
 
Figure 10:  Structure of a RAFT-Silane coupling molecule.52 
This molecule was anchored onto silica nanoparticles via the methoxysilane group.  
Benicewitz et al.  were able to prepare brushes consisting of PS and poly(n-butyl 
acrylate) homopolymer as well as their block copolymers.  This method was found to 
control molecular weights and polydispersity, produce few free non-grafted chains, and 
provide control over the graft density.   
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Another strategy, which falls somewhere between the “grafting to” and “grafting 
from” scenarios is “grafting through.”  To date, very few studies have been reported on 
its use.  As in “grafting from”, the surface is treated with the organic functionality of 
choice prior to polymerization.  However, the surface does not contain functionality for 
initiation, instead it contains a polymerizable monomeric unit such as a vinyl double 
bond.  This process is shown in Figure 11. 
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Figure 11 
Generalized schematic for free radical polymerization using the “grafting through” method. 
 
Chains are initiated in solution, and in the course of propagation, incorporate the 
monomers bound to the surface into the chain in what is effectively a copolymerization 
between the monomer free in solution and the monomer bound to the surface.  Once all 
surface bound monomers are incorporated into chains, all that remains to add to the 
growing chain end is free monomer in solution.  Unlike “grafting to” and “from” which 
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can produce a single chain extending normal to the surface, when chains are “grafted 
through”, each anchor point has what appears to be two arms extending from the surface.  
The first arm is the chain fragment that is initiated in solution and attacks the double 
bound on the surface.  The second arm is that portion which then propagates from the 
surface.  This method has been used in classic radical polymerizations on TiO2 to graft 
polystyrene.60,61  Both studies show effective surface coverage.  However, control over 
polydispersity is similar to classical free radical polymerizations, and this method is not 
able to synthesize more complex brush configurations.  With the addition of a dithioester 
to the reaction, “grafting through” can be carried out via a RAFT process.  Workers at the 
Centre for Advanced Macromolecular Design first synthesized crosslinked 
poly(divinylbenze) PDVB core microspheres by precipitation polymerization.  PS 
brushes were successfully grafted through residual vinyl groups on the surface by the 
addition of free CTA, initiator and monomer.  The particles showed a linear increase in 
weight gain with reaction time indicating this process occurred in a living fashion.62   
Another important consideration when dealing with surface grafted polymers is the 
exact nature of the bonding by which the chain is held to the surface.  For irreversible 
grafting reactions, covalent attachment of the polymer chain to the surface is necessary.  
However, carbon-metal bonds are not stable in many chemical environments and are 
susceptible to hydrolysis.  As a result, directly attaching the polymer chain to the surface 
is inadequate for many applications.  Instead, some type of coupling molecule must be 
employed which allows for the anchoring of the polymer chain to the surface.  Typically, 
coupling molecules must perform two functions.  First, they must have some 
functionality which allows for the covalent attachment of the polymer chain.  These are 
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the organic functional groups for “grafting to”, initiators or RAFT CTAs in the case of 
“grafting from,” and monomeric units for “grafting through.”  Secondly, they must have 
some site which can covalently bond to the surface.  The nature of this bond with the 
surface is an extensive consideration in itself apart from those of the method of polymer 
growth.  The formation and strength of the bond to the surface dictates in part the 
durability of the brush.  A large variety of functional groups have been studied on a broad 
range of surfaces.  The most common coupling molecules are organosilanes,63,64, 65 
organotitanates,66,67 and strong complexing ligands such as those obtained by the 
deprotonation of β-diketones, β-ketoesters, and carboxylic acids.68,69  For silica surfaces, 
silanes are by far the most effective and widely employed coupling molecules.  However 
there are very few proven coupling functionalities for other metal oxide surfaces. 
In recent years, phosphonates have attracted much attention for the surface 
modification of metal oxides.  This is due, in part, to the versatility they display with 
respect to solid substrates.  Phosphonates have been found to effectively bond to the 
surface of a wide range of metal oxides including: TiO2,70 SnO2,69 Silica,69 Al2O3,71 and 
ZrO2.70  In addition to bonding to a wide range of surfaces, phosphonates also produce a 
durable attachment to the surface.  The group of Reven has shown that TiO2 and ZrO2 
surfaces have a much higher affinity for phosphonate groups than for carboxylic acids.72  
In addition, it has been shown that the P-O-M bonds formed by organophosphorus 
compounds are strong and stable under a wide range of chemical environments.70  
Randon et al. proposed that for phenyl phosphonic acid (PPA) the primary mode of 
bonding to the TiO2 surfaces is the tridentate R-P(OTi)3 configuration73 which is similar 
to that observed in titanium oxide-alkoxide-phosphosphonate complexes74 and layered 
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titanium phosphonates.75  Mutil et al. have studied the nature of the bonding for both 
phosphonic acid and phosphonic esters (bis-trimethylsilyl and dialkyl phosphonates) to 
the surface of TiO2 nanoparticles.  For both phosphonates, bonding was found to occur in 
a tridentate fashion and involved the coordination of the phosphoryl oxygen to Lewis 
acid sites on the surface and condensation of P-OH groups with Ti-OH hydroxyl groups 
on the surface with the delocalization of electrons observed (Figure 12).70 
 
Figure 12 
Tridentate bonding of phosphonates to TiO2 surfaces.70 
In the case of PPA under acidic conditions, Mutil et al. proposed a mechanism in which a 
phosphonate anion was coordinated to a protonated basic hydroxyl group.70  Phosphorus 
chemistry is versatile; this allows for many synthetic options in the composition of the 
coupling molecule.   
Due to their versatility in terms of the range of surfaces they can modify, chemical 
environments they perform in, and synthetic options available, phosphonates were chosen 
for this study as the method by which the coupling molecule is attached to the surface.   
The merging of RAFT polymerization and phosphonate surface modification in 
treating nanoparticles brings two cutting edge methods, which in their separate arenas are 
both known for their performance and versatility, to bear in a single endeavor at the 
forefront of material science and device technology.  Towards this end, this study will 
involve the use of RAFT polymerization in both the “grafting from” and “grafting 
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through” regimes and use phosphonate coupling molecules to anchor the chains on the 
surface.  It covers the synthesis and characterization of relevant RAFT dithioesters and 
phosphonate coupling molecules, surface treatment of TiO2 nanoparticles, and grafting 
polymerizations. 
Materials: 
Acetone (99+%), 4-(chloromethyl)benzoyl chloride (97%), hydroquinone (99%), 
iodomethane (stabilized, 99%), magnesium ribbon (99+%), phenylphosphonic acid 
(98%), phosphorus pentoxide (99+%), toluene (99%), 4-vinylbenzyl chloride (90%) were 
purchased from Acros Organics, New Jersey.  2,2’-Azobisisobutyronitrile (AIBN) (98%), 
4-4’-azobis(4-cyanopentanoic acid) (75+%), benzyl chloride (99%), anhydrous methanol, 
4-mehoxy phenol (99%), methyl methacrylate (99%), potassium ferricyanide (III) 
(99+%), sodium hydride (60% dispersion in mineral oil), elemental sulfur, p-
toluenesulfonic acid monohydrate (98%), triflouroacetic acid (98+%) were purchased 
from Aldrich Chemical Company Inc., Milwaukee, WI.  Di-tert-butylphosphite (96%) 
was purchased from Alfa Aesar, Pelham, NH.  Diethyl ether, Florisil (60-100mesh) and 
anhydrous potassium carbonate were purchased from EM Science, Gibbstown, NJ.  Ethyl 
acetate and anhydrous magnesium sulfate were purchased from Fischer Chemicals, Fair 
Lawn, New Jersey.  Anhydrous diethyl ether, ethanol, n-hexane, concentrated 
hydrochloric acid, methanol, methylene chloride, silica gel (40-140mesh), anhydrous 
sodium sulfate, sodium hydroxide were purchased from J.T. Baker, Phillipsburg, NJ.  All 
reagents and materials were used as received, unless otherwise indicated.  Titanium 
dioxide nanoparticles (STR:60, Sakai) have a specific surface area of 75m2/g and were 
donated by Xerox Corporation.  They were dried at 120oC for 6 hours before use.  
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Acetonitrile was dried for 24 hours over anhydrous potassium carbonate.  AIBN was 
recrystallized from methanol.  Benzene was purchased from EMD chemicals and distilled 
from anhydrous P2O5.  Methyl methacrylate (MMA) was passed through a Florisil (60-
100mesh) column to remove inhibitor.  Phenyl phosphonic acid (PPA) was recrystallized 
from dried acetonitrile.  
Measurements:   
1H-NMR measurements were recorded on a Brucker 300MHz nuclear magnetic 
resonance spectrophotometer using CDCl3 as the solvent.  Fourier-Transformed Infrared 
Spectroscopy (FT-IR) analysis was performed on a Bio-Rad Excalibur TTS 3000 infrared 
spectrophotometer equipped with a Pike Technologies Miracle diamond anvil attachment.  
Diffuse reflectance infrared spectroscopy (DRIFT) measurements were performed using 
a Bio-Rad Excalibur TTS 3000 infrared spectrophotometer equipped with a Pike 
Technologies Easy Diff diffuse reflectance attachment.  Thermogravimetric analysis 
(TGA) was performed using a TA Instruments TGA 2050 thermogravimetric analyzer 
and run under a nitrogen atmosphere.  Differential Scanning Calorimetry (DSC) 
measurements were performed on a TA Instruments DSC 2010 differential scanning 
calorimeter.  Centrifugation was performed using a Labnet Hermle Z 200 A centrifuge 
spinning at 5500rpm for fifteen minutes.  Diffuse Reflectance UV-VIS measurements 
were recorded on a Shimadzu UV-2401PC UV-VIS recording spectrophotometer 
equipped with a Shimadzu ISR-2200 integrating sphere attachment.  Transmission 
electron microscopy (TEM) measurements were carried out in the laboratories of the 
Xerox Corporation in Webster, NY. 
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Synthesis of Dithiobenzoic Acid 
Elemental sodium (10.0g, 0.435mol) was dissolved in methanol (56.5mL, 1.763mol) 
under argon in a 250mL three-necked, round-bottomed flask, equipped with a reflux 
condenser, addition funnel and magnetic stirring bar.  Elemental sulfur (4.06g, 0.127mol) 
was then added rapidly, turning the clear liquid a murky yellow.  Benzyl chloride 
(7.15mL, 0.056mol) was then added dropwise via addition funnel over a period of 15 
minutes.  The resulting dark red solution was refluxed at 65oC in an oil bath for ten hours, 
allowed to come to room temperature and finally placed into an ice bath.  The mixture 
was vacuum filtered, and the solid discarded.   The solvent was removed from the filtrate 
in vacuo, leaving a thick oily red sludge.  The sludge was dissolved in 100mL water and 
the mixture was transferred to a 500mL flask.  To this, 200mL of a 1.0 N HCl solution 
was added changing the color to a vibrant pink.  The pink solution was transferred to a 1L 
separatory funnel and washed with 150.0mL of ethyl ether. The colorless aqueous layer 
was discarded.  The red ether layer was washed with 350.0mL of a 1.0N NaOH solution 
and the yellow ether layer was discarded.  The dark red aqueous layer was washed with 
150.0mL of ethyl ether and the yellow ether layer discarded, leaving a dark red solution 
of the sodium salt of dithiobenzoic acid. 
Synthesis of Di(thiobenzoyl) Disulfide 
A solution of the sodium salt of dithiobenzoic acid (350mL) was placed in 1L round-
bottomed flask equipped with an addition funnel, and a reflux condenser.  A solution of 
potassium ferricyanide (III) (21.40g, 0.065mol) in 100.00mL distilled water was added 
dropwise, to a vigorously stirred solution, over an hour and a half.  The red precipitate 
was collected in a Buchner funnel by vacuum filtration.  Yield = 4.86g.  M.P. = 72-76oC.   
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Synthesis of 4-Cyanopentanoic Acid Dithiobenzoate 
Ethyl acetate (50.0mL, 0.508mol) was added under argon to a three-necked round-
bottomed flask equipped with a reflux condenser.  Bis(thiobenzoyl) disulfide (2.40g, 
0.0079mol) and 4,4’-azobis(4-cyanopentanoic acid) (3.58g, 0.0118mol) were added and 
the reaction mixture was refluxed at 77oC for 16 hours with magnetic stirring.  The 
mixture was allowed to cool to room temperature and enough solvent was stripped off 
under vacuum to produce a thick red oil.  The oil was purified by column 
chromatography using a silica gel (40-140mesh) column with a mobile phase of ethyl 
acetate:hexane (2:3)v.  The red fractions were combined and the solvent was removed in 
vacuo.  The thick red oil was placed into a 2-propanol/dry ice bath, causing red crystals to 
appear after 10 minutes.  The crystals were collected and the product recrystallized from 
benzene.  Yield = 68%.  M.P. = 93-96oC.  1H-NMR (CDCl3) δ (ppm) 1.90 (s, 3H, CH3); 
2.3-2.8 (m, 4H, CH2CH2); 7.23 (m, 2H, m-ArH); 7.54(m, 1H, p-ArH), 7.88(m, 2H, o-
ArH).  FT-IR (powder) (cm-1) 2400-3200 (broad, COOH); 2234 (CN); 1703 (C=O); 1043 
(C=S). 
Synthesis of di-tert-butyl-4-vinylbenzylphosphonate 
Di-tert-butylphosphite (10.0mL, 0.0512mol) was dissolved in toluene (40mL) under 
an argon atmosphere and cooled to 0oC in an ice bath.  Sodium hydride (1.85g, 60% in 
mineral oil, 0.0462mol) was added to the cold solution, portion-wise, over 10 minutes.  
The solution was stirred with a mechanical stirring overnight and allowed to come to 
room temperature.  4-Chloromethyl styrene (4.68mL, 0.0328mol) was added, and the 
reaction vessel was immersed into an oil bath set to 80oC.  The solution was stirred for 
three days under an argon atmosphere.  The solution was then cooled to room 
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temperature, washed twice with 50mL of saturated sodium bicarbonate and then once 
with 50mL of distilled water.  The toluene layer was separated and dried over anhydrous 
sodium sulfate.  The solvent was removed using a rotary evaporator and the resulting 
solid was dried under vacuum (10-2 torr) at room temperature.  Yield = 61%.  M.P. = 48-
56oC.  1H-NMR (CDCl3) δ (ppm) 1.35 (m, 18H, C(CH3)3); 2.94 (d, 2H, benzyl H); 5.13 
(d, 1H, vinyl H); 5.66 (d, 1H, vinyl H), 6.63 (m, 1H, vinyl H), 7.20 (m, 4H, aromatic H).  
FT-IR (powder) (cm-1) 2977 (C(CH3)3); 1628 (C=C, vinyl); 1512 (C=C, aromatic); 1251 
(P=O); 1168 (C-O); 967 (P-O). 
Synthesis of p-(chloromethyl)cumyl alcohol 
All glassware was flame dried prior to use.  Magnesium ribbon (2.85g, 0.1172mol) 
was cut into small pieces and added under argon to a 100mL three necked round 
bottomed flask equipped with a reflux condenser.  Anhydrous ether (60.0mL) was added 
through the septum via syringe, followed by iodomethane (7.35mL, 0.1180mol) causing 
the solution to turn hazy and begin to reflux.  Anhydrous ether (60mL) was continuously 
added to the solution to maintain a steady reflux.  When spontaneous reflux subsided, the 
flask was lowered into an oil bath set to 50oC and allowed to reflux for one hour.   
p-(Chloromethyl)benzoyl chloride (10.00g, 0.0529mol) was dissolved in anhydrous ether 
(100mL) under argon in a 500mL three necked round bottomed flask equipped with a 
addition funnel which was immersed into a dry-ice/acetone bath.  The dark grey Grignard 
solution was allowed to cool to room temperature, transferred via cannula to the addition 
funnel and added dropwise over a period of 25 minutes to the clear  
p-chloromethyl)benzoyl chloride solution, turning it grey.  The solution was stirred for an 
hour and allowed to come to room temperature and react for another hour.  A saturated 
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ammonium chloride solution (100mL) was slowly added and the reaction mixture 
transferred to a 500mL separatory funnel.  The aqueous layer was removed and the ether 
layer washed twice with 200mL portions of a saturated sodium chloride solution.  The 
ether layer was dried over anhydrous MgSO4 and the solvent removed using a rotary 
evaporator to afford a dark amber oil.  Yield = 11.82 g.  FT-IR (film) (cm-1) 3100-3500 
(broad, OH); 2974 (CH3).  
Synthesis of 2-[p-(chloromethyl)phenyl]propene 
p-(Chloromethyl)cumyl alcohol (5.06g, 0.0274mol) was dissolved in toluene (10mL) 
in a 50mL three necked round bottomed flask equipped with a Dean-Stark trap and an 
addition funnel.  To the flask was added hydroquinone (0.0188g, 0.0002mol) and p-
toluenesulfonic acid (0.2200g, 0.0011mol).  The flask was lowered into an oil bath set to 
130oC.  The bath temperature was gradually raised to 150oC over a period of an hour and 
a half.  Toluene was continuously added dropwise through the addition funnel to maintain 
a constant volume within the reaction flask.  The condensate in the Dean-Stark trap was 
combined and dried over anhydrous potassium carbonate.  The solvent was removed 
using a rotary evaporator.   
Surface Modifications Using Phenylphosphonic acid (PPA) 
Phenylphosphonic acid (0.2466g, 0.0015mol) was dissolved in a solution containing 
375mL of methanol and 100mL of water.  A suspension of 1.0g TiO2 in water (100mL) 
was prepared and added to the PPA solution.  The pH was adjusted to ~3.5 with conc. 
HCl.  The opaque white mixture was stirred at room temperature for three days at which 
time the reaction mixture was centrifuged.  The sedimented particles were washed 
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successively with three 50mL portions of methanol, acetone, and ether.  The particles 
were dried in vacuo at 40oC for 6 hours.  Yield = 0.9492g. 
Surface Modifications Using Di-tert-butyl 4-Vinylbenzylphosphonate 
Di-tert-butyl 4-Vinylbenzylphosphonate (1.50g, 0.0048mol) was dissolved in 
methylene chloride (115mL) under argon in a 250mL round bottomed flask equipped 
with a reflux condenser.  Trifluoroacetic acid (8.0mL, 0.1041mol) was added to the 
mixture followed by 4-methoxy phenol (0.0060g, 0.00005mol).  The mixture was 
refluxed at 45oC for two hours.  The flask was allowed to cool to room temperature, fitted 
with a Dean-Stark trap and brought back to 45oC to remove all solvent.  Methylene 
chloride (100mL) was added to the flask and stripped off using a rotary evaporator.  A 
solution containing the residue, methanol (1.1L), and distilled water (385mL) was 
prepared.  To this, a suspension containing 1.86g TiO2 in water (185mL) was added.  The 
pH was adjusted to ~3.5 with concentrated HCl.  The opaque white mixture was stirred at 
room temperature for three days at which time the reaction mixture was centrifuged.  The 
sedimented particles were washed successively with three 50mL portions of methanol, 
acetone, and ether.  The particles were dried in vacuo at 40oC for 6 hours.  Yield = 1.51g. 
Grafting of Methyl Methacrylate (MMA) 
4-cyanopentanoic acid dithiobenzoate (0.1486g, 0.0053mol) was recrystallized from 
benzene and added to a 15mL round bottomed flask equipped with a reflux condenser.  
To the flask was added di-tert-butyl-4-vinylbenzylphosphonate-modified TiO2 
nanoparticles (0.25g), AIBN (0.0175g, 0.0001mol), MMA (0.80mL, 0.0075mol, inhibitor 
removed), and benzene (3.00mL).  Argon was bubbled through the mixture for one hour.  
With magnetic stirring, the mixture was heated to 60oC for two hours at which time the 
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temperature was raised to 70oC for one hour, followed by 80oC for three hours.  The pink 
reaction mixture was diluted with methylene chloride (1.5mL) and washed into a 
centrifuge tube and centrifuged.  The grafted particles were isolated and washed with six 
50mL portions of methylene chloride and dried in vacuo at 40oC for 6 hours. Yield = 
0.2343g. 
Results & Discussion 
To utilize a RAFT process in the “grafting through” regime for grafting polymers as 
well as phosphonates as a means of anchoring the chains to the substrate, four general 
requirements must be realized.  First, in order to mediate the degenerative chain-transfer 
equilibrium, essential to RAFT polymerization, some type of dithioester must be 
employed.  With the particle surface being functionalized with a species bearing a 
polymerizable vinyl moiety the RAFT CTA must be free in solution so it is able to 
mediate chain growth in solution and at the particle surface.  Secondly, two monomer 
species compatible with the CTA and with one another must be present in the system.  
One species is present as free monomer in solution and used to construct the polymer 
brush.  Thirdly, the other monomer species must be immobilized on the solid surface 
using a phosphonate group.  It serves as the attachment point for grafted chains to the 
solid surface.  These two comonomer species need not be different in terms of their 
chemical composition, only their relation to the substrate.  Lastly, a source for the 
generation of free radicals to begin the polymerization process is required.  Employing 
phosphonates to anchor the chains to the substrate, various component combinations can 
be used to fashion polymer brushes in the “grafting from” regime under RAFT 
conditions. 
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If the additional condition of anchoring the RAFT agent directly to the surface in a 
single step is added, then two general requirements must be met.  First, a bifunctional 
molecule containing both a RAFT and a phosphonate moiety must be synthesized and 
immobilized onto the surface.  Secondly, a monomer must be present which can be 
attacked by the radical formed as a result of the fragmentation of the CTA.  Finally, a 
source for the generation of free radicals to begin the polymerization process is required. 
Selection and Synthesis of a RAFT Chain Transfer Agent 
There are a variety of compounds which have been shown to effectively act as RAFT 
CTAs.  Such compounds include: dithioesters, dithiocarbamates, dithiocarbonates 
(xanthates), and trithiocarbonates.84 
 
 
 
Figure 13: General structures of typical RAFT agents. 
 
It has been reported that 4-cyanopentanoic acid dithiobenzoate (CPDB) 
 
 
 
Figure 14: Structure of 4-cyanopentanoic acid dithiobenzoate. 
can mediate the radical polymerization of a range of monomers including styrenics, 
acrylates, and methacrylates.42  CPDB provides good control over molecular weight and 
yields polymer with low polydispersity.  It has been employed in a wide range of reaction 
conditions including bulk, solution, suspension, and emulsion.  One very attractive 
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feature of this CTA is its ability to be employed in aqueous conditions.  It has a phenyl 
group as its Z moiety and 4-cyanopentanoic acid as its R group.  It is interesting to note 
that when the R group is cleaved, the resultant radical species is identical to that 
generated by 4,4’-azo-bis-(4-cyanopentanoic acid) a very common azo initiator (Figure 
15).  If this initiator is employed along with CPDB then all initiating species are identical. 
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Figure 15 
Structure of 4,4’-azobis(4-cyanopentanoic acid) 
Another advantage of this CTA, which is not possible with some CTAs, is that it can be 
recrystallized to improve purity.  Of the very few studies to date which have anchored 
RAFT agents directly to solid surfaces, CPDB has been used more than any other 
dithioester.  For these reasons it was targeted as a RAFT agent for this study, both to be 
employed free in solution and as a potential candidate for anchoring onto solid substrates 
via phosphonates.   
Given the recent development of the RAFT process, with the exception of 
carboxymethyl dithiobenzoate, RAFT CTAs are not commercially available.  As a result, 
they must be synthesized.  The synthesis of CPDB has been reported in the literature42 
and requires a multistep process, shown in Figure 16.  CPDB is synthesized by oxidative 
coupling of dithiobenzoic acid (DTBA) to form di(dithiobenzoyl)disulfide.  Reacting this 
compound with 4,4’-azobis(4-cyanopentanoic acid) yields CPDB. 
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Figure 16:  Outline for the synthesis of 4-cyanopentanoic acid dithiobenzoate.42 
Synthesis of Dithiobenzoic Acid 
Numerous synthetic routes are reported in the literature for the synthesis of DTBA.  
These include: the reaction of trichlorophenylmethane with potassium hydroxide and 
potassium hydrogen sulfide,76 reaction of phenylmagnesium bromide Grignard with 
carbon disulfide followed by acidification,77 reaction of benzyl chloride, elemental sulfur 
and sodium methoxide,78 and reaction of trichlorophenylmethane with sodium sulfide.79  
McCormick et al. have reported best results from the latter reaction and so it was chosen 
for this study.42 
The synthesis of DTBA was conducted using McCormick’s modification of the 
procedure published by Becke and Hagen77 and illustrated in Figure 17.  
 
 
Figure 17:  Synthesis of dithiobenzoic acid 
Sodium methoxide was produced by dissolving sodium metal in methanol.  The initially 
formed, sodium dithiobenzoate, was dissolved in water and repeatedly washed with  ether 
to remove organic impurities.  Subsequently, the aqueous solution was acidified with HCl 
and extracted into ether.  The final product was obtained by extraction into aqueous 
Cl
+ O-CH3 Na+ + S8
S
S H
MeOH
65oC, 10h
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NaOH to yield an aqueous solution of pure sodium dithiobenzoate.  The concentration of 
the salt was not determined, accordingly the yield of the reaction was not determined.  
Dithiobenzoic acid solutions are unstable80 and should be used promptly in the 
subsequent reaction. 
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Synthesis of Di(thiobenzoyl) Disulfide 
The 1H NMR spectra of di(thiobenzoyl) disulfide is shown in Figure 18.   
 
Figure 18:  1H-NMR spectra of di(thiobenzoyl) disulfide. 
The peaks observed at ~7-8 ppm may be attributed to the aromatic hydrogens, and the 
peak at ~1.8ppm is due to residual water in the product.  
Synthesis of 4-Cyanopentanoic Acid Dithiobenzoate 
4-Cyanopentanoic Acid Dithiobenzoate was prepared according to the method of 
Thang et al.81  Figure 19 shows the 1H-NMR spectra of 4-cyanopentanoic acid 
dithiobenzoate recorded in CDCl3.   
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Figure 19:  1H-NMR spectra of 4-cyanopentanoic acid dithiobenzoate. 
 
The chemical shifts and splitting observed coincide with those reported in the literature as 
shown in Table I. 
Table I 
Comparison of literature and experimental 1H-NMR peaks for 4-cyanopentanoic acid dithiobenzoate.  
1 1.85 s 1.90 s
2 2.3 - 2.8 m 2.3 - 2.8 m
3 7.3 m 7.23 m
4 7.5 m 7.54 m
5 7.8 m 7.88 m
Reference(42) Target 1
Peak # Chemical Shift (ppm) Multiplicity
Chemical 
Shift (ppm) Multiplicity
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FT-IR analysis of the product was also in correspondence with that which was 
reported in the literature.  The FT-IR spectrum of 4-cyanopentanoic acid dithiobenzoate 
is shown in Figure 20. 
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Figure 20:  FT-IR spectra of 4-cyanopentanoic acid dithiobenzoate. 
The carboxylic acid peak appears as a broad peak between 2400 and 3200cm-1.  The 
sharp nitrile peak falls at 2235cm-1.  The carbonyl peak is observed at 1703cm-1.  The 
C=S bond is shown by the peak at 1043cm-1. 
Selection and Synthesis of a Phosphonate Coupling Molecule 
For the purposes of “grafting through” under RAFT conditions, a polymerizable 
double bond must be immobilized on the surface of the nanoparticle.  In line with the 
goal of using phosphonates to accomplish this, di-tert-butyl-4-vinylbenzylphosphonate 
shown in Figure 21 was selected as a target compound.   
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Figure 21:  Structure of di-tert-butyl-4-vinylbenzylphosphonate. 
The synthesis of this molecule had been reported in the literature, however, previous 
studies did not use it to modify the surface of metal oxide nanoparticles.  The di-tert-
butylphosphonate group serves to bind the molecule to oxide surfaces while the double 
bond serves to incorporate a polymer chain into the surface-anchored phosphonate.  A 
variety of synthetic methods have been reported for the synthesis of  di-tert-butyl-4-
vinylbenzylphosphonate.  The earliest report was that of Frantz et al.69 and entailed the 
deprotonation of di-tert-butyl phosphite by sodium hydroxide, and it’s subsequent SN2 
reaction with 4-chloromethylstyrene as shown in Figure 22. 
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Figure 22:  Frantz’s synthesis of di-tert-butyl-4-vinylbenzylphosphonate.  
Potassium iodide was used to promote the displacement of chlorine. The progress of the 
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reaction was indicated by the formation of large amounts of salt formed during the 
reaction.  Difficulty was encountered during the washing steps.  Partitioning between the 
tetrahydrofuran phase and the aqueous phase was not complete and resulted in the 
formation of emulsions.  The polar phosphonate functionality and the organic portion of 
the product mimic the behavior of a surfactant.  Even when MgCl2 was added to the 
aqueous phase to increase its ionic strength, complete separation was not realized.  As a 
result, a great deal of product was lost to the aqueous phase.  That the wash was 
ineffective was indicated by the presence of unidentified contaminants in the 1H NMR 
spectra of the product in CDCl3 (Figure 23). 
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Figure 23:  1H NMR spectra of di-tert-butyl-4-vinylbenzylphosphonate. 
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Due to lack of procedural detail and the unsatisfactory results which were obtained, 
the method of Frantz was abandoned in favor of the method reported by Schilling and 
coworkers, shown in Figure 24.  
 
P
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Na+
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OH
NaH
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di-tert-butyl phosphite sodium di-tert-butyl phosphite
 
 
Figure 24:  Schilling’s synthesis of di-tert-butyl-4-vinylbenzylphosphonate 
This method conducts the reaction in toluene, a solvent which partitions more completely 
from water than THF.  In this case, the base used to deprotonate di-tert-butyl phosphite 
was NaH.  The use of NaH in the organic solvent resulted in a single phase system and 
eliminated the need for KI.  The washing steps in this process worked much better than  
in the previous procedure.  One slight drawback of the latter process was difficulty in 
completely removing the solvent from the product when the reaction was complete.  The 
vinyl double bond can auto polymerize at elevated temperatures, therefore it was 
desirable to strip the solvent at temperatures below 50oC.  As a result the final product 
was still somewhat wet with toluene, resembling a waxy paste.  However, the results 
from the NaH/toluene procedure were much more satisfactory and led to the desired 
product.   
The product’s identity was confirmed using both NMR and FT-IR measurements.  
Cl 
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di-tert-butyl phosphite 4-chloromethyl styrene di-tert-butyl-4-vinylbenzyl phosphonate
+ Toluene80oC, 4 Days
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The 1H-NMR spectrum of di-tert-butyl-4-vinylbenzylphosphonate as recorded in CDCl3 
is shown in Figure 25.   
 
 
Figure 25:  1H NMR spectra of di-tert-butyl-4-vinylbenzylphosphonate. 
As shown in Table II, the chemical shifts and splitting patterns observed correspond 
to those reported in the literature.  
Table II 
Comparison of literature and experimental 1H-NMR peaks for di-tert-butyl-4-vinylbenzylphosphonate. 
1 1.50 d 1.35 m
2 3.03 d 2.94 d
3 5.22 d 5.13 d
4 5.75 d 5.66 d
5 6.71 m 6.63 m
6 7.25 m 7.20 m
Reference Target 2
Peak # Chemical Shift (ppm) Multiplicity
Chemical 
Shift (ppm) Multiplicity
 
P
O
O
O
H H
HH
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
#1
#2
#6
#5
#3
#4
 41
The peak at ~1.35 ppm results from the tert-butyl groups.  The excess integrated area of 
the peak can be attributed to the presence of moisture in the product.  As a result, its area 
is slightly larger than what would represent eighteen hydrogens.  The peak at 3.03 ppm is 
that of the benzylic hydrogens and has an area corresponding to two hydrogens.  The 
peaks at 5.22, 5.75 and 6.71 ppm are attributed to the vinyl hydrogens and their 
integrated area corresponds to three hydrogens.  The multiplet observed at 7.25 ppm 
results from the four aromatic hydrogens and its integration corresponds to four 
hydrogens.  The small peak, falling at ~4.5 ppm, is attributed to 4-methoxy phenol which 
was used as a radical scavenger. 
The FT-IR spectrum of di-tert-butyl-4-vinylbenzylphosphonate is shown in Figure 26 
and displays absorbances that confirm the presence of all expected functional groups.  
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Figure 26:  FT-IR spectra of di-tert-butyl-4-vinylbenzylphosphonate. 
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Table III shows the position and assignments of the prominent peaks.   
Table III:  Assignment of FT-IR peaks of di-tert-butyl-4-vinylbenzylphosphonate. 
2977 C-H (t-butyl) stretch 
2930 C-H stretch 
1628 C=C vinyl
1512 C=C aromatic
1251 P=O stretch
1168 C-O stretch
967 P-O stretch
Wavenumber 
(cm-1)
Assignment
 
The C-H stretch of the t-butyl groups falls at 2977cm-1.  The remaining C-H stretches fall 
around 1930cm-1.  The C=C stretch of the vinyl bond falls at 1628cm-1.  The C=C stretch 
of the aromatic ring falls at 1512cm-1.  The P=O stretch falls at 1251 cm-1.  The C-O 
stretch falls at 1168cm-1.  The P-O stretch falls at 967cm-1.   
Surface Modifications 
Mutin et al. have described experimental conditions used to anchor both phosphonic 
acids and esters onto the surface of TiO2 particles.70  As an initial control experiment, the 
commercially available phenylphosphonic acid (PPA) was used to treat the surface of 
TiO2 particles in the manner of Mutin.  The covalent coordination of PPA on the 
particulate surface was determined through the use of diffuse reflectance infrared 
spectroscopy (DRIFT).  Blank samples containing 5% TiO2 by weight in KBr were 
prepared, as well as samples containing 5% by weight of PPA treated particles in KBr.  
Figure 27 shows the DRIFT spectra in the 800-1350cm-1 region of the PPA treated 
particles after subtraction of the spectra of the unmodified particles. 
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Figure 27:  DRIFT spectra of PPA bound to the surface of TiO2. 
These results are similar to those obtained by Mutin and coworkers.70  The sharp peak at 
~1450cm-1 results from the P-C6H5 stretch and the broad peak between 900 and 1200cm-1 
is characteristic of P-O stretching.  Also observed in the subtracted spectra were negative 
bands at 3500 and 3700cm-1 consistent with condensations of Ti-OH groups.  These 
results confirmed that the phosphonate group was bonded to the surface of TiO2. 
The first attempt to modify TiO2 surfaces with di-tert-butyl-4-vinylbenzylphosphonate 
was a modification of the procedure used by Mutin for surface treatment using phosphonate 
esters.70  p-Toluenesulfonic acid was added to cleave the t-butyl groups and allow 
attachment to the surface.  The DRIFT spectra of the resulting particles as well as di-tert-
butyl-4-vinylbenzylphosphonate is shown in Figure 28. 
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Figure 28 
Infrared comparison of di-tert-butyl-4-vinylbenzylphosphonate both free and bound to the surface of TiO2. 
From the similarities in the spectra it is obvious that the coupling molecule is present on 
the surface.  However, the presence of the t-butyl peak at 2977cm-1 shows that covalent 
bonding to the surface was not complete.  In addition the vinyl C=C peak at 1628cm-1 is 
not observed.  It is unknown if this was due to a weak signal or the destruction of the 
double bond during the reaction. 
Since cleavage of the t-butyl groups is essential to successful surface treatment, 
experiments were conducted to find effective means to cleave the t-butyl moieties.  
Trifluoroacetic acid is commonly employed for deprotection of t-boc groups and was 
tested on di-tert-butyl-4-vinylbenzylphosphonate.  The coupling molecule was dissolved 
in methylene chloride and treated with an excess of the acid.  The mixture was refluxed at 
40oC for one hour and the liquid analyzed by casting a film onto the FT-IR anvil.  Figure 
29 shows the recorded spectrum. 
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Figure 29 
FT-IR of di-tert-butyl-4-vinylbenzylphosphonate after treatment with trifluoroacetic acid. 
The effective cleavage of the t-butyl groups is evidenced by the disappearance of the 
sharp peak just under 3000cm-1.  In addition the vinyl peak can be seen at 1628cm-1.  The 
peak at ~1780cm-1 is due to the presence of trifluoroacetic acid.  This procedure was  
shown to be effective for hydrolyzing the t-butyl groups to yield the corresponding 
phosphonic acid.   
This procedure was adopted for use in subsequent surface treatment of TiO2.  Since the 
result of this reaction is a phosphonic acid similar to PPA, the procedure which had been 
successfully applied for PPA could be also be used for 4-vinylbenzylphosphonic acid.  
After initial cleaving as described above, the solvent was removed leaving a white residue 
in the reaction flask.  The residue was dissolved in methanol and carried through the 
procedure used for PPA.  After drying the resulting particles had a slight yellow cast to 
them.  The DRIFT spectra of these particles are shown in Figure 30. 
 46
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
8001000120014001600180020002200240026002800300032003400
Wavelength (cm-1)
A
bs
or
ba
nc
e 
(%
)
 
Figure 30 
DRIFT spectra of TiO2 treated with di-tert-butyl-4-vinylbenzylphosphonate. 
As noted in previous experiments, the t-butyl peak which appears just under 3000 cm-1 is 
absent in the spectrum.  A broad P-O stretch between 900-1200cm-1 is also observed.  
Baseline problems make it difficult to state with certainty, however, evidence that the 
vinyl bond survived the surface treatment is indicated by the peak at 1628 cm-1.  FT-IR 
analysis of the product of this surface treatment, thus, confirmed that the phosphonate 
was bonded to the surface in the desired manner.   
To determine the degree of surface coverage, TGA was performed on both 
unmodified and surface treated TiO2 particles.  The results are shown in Figure 31. 
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Figure 31 
TGA thermogram of unmodified and di-tert-butyl-4-vinylbenzylphosphonate treated TiO2 nanoparticles. 
The virgin particles exhibit a weight loss of 2.77% between 75 and 500oC due to loss of 
adsorbed gases.  The phosphonate-treated particles exhibit a weight loss of 7.23% between 
75 and 700oC.  If this difference between the two losses were to be attributed to loss of 
coupling molecule, 4.46% of the surface treated particles’ mass would be from phosphonates 
bound to the surface.  This mass corresponds to 0.00014 moles or 8.66 x 1019 molecules.  
Given that each phosphonate groups takes up 24 square angstroms on the surface10 and the 
particles have a surface area of 75m2/g, the percent coverage of the surface would be 
approximately 27.7%. 
Polymerizations 
Unlike other grafting methods which produce a single chain extending normal to the 
surface, when chains are ‘grafted through”, each anchor point has what appears to be two 
arms extending from the surface.  It was felt that control over the comparative lengths of 
the two chains could be accomplished by selection of co-monomers, with appropriate 
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reactivity ratios.  If the monomer in solution has a much higher affinity for adding to the 
monomer on the surface of the particle, then the length of the first arm will be minimized 
because chains growing in solution will preferentially add to the immobilized monomer 
on the surface.  The monomer immobilized on the surface is styrenic in nature.  
Accordingly, to compliment this, methylmethacrylate was selected as the co-monomer.  
The monomer reactivity ratios for free radical polymerization of poly(styrene-r-
methylmethacrylate) are 0.52 for styrene and 0.42 for methylmethacrylate.  This shows 
that a propagating methylmethacrylate monomer prefers to add to a styrenic monomer, in 
turn keeping the length of the initiating arm minimized.  In kinetic studies on RAFT 
polymerization of poly(styrene-r-methylmethacrylate), Fukuda et al. have reported that 
the addition of a polystyrene radical to a CTA-polymer adduct is roughly twice as fast as 
that of a methyl-methacrylate radical and, while in the intermediate PS-CTA-PMMA 
transition state, the fragmentation of the PS radical was approximately 100 times slower 
than that of PMMA.82  In the “grafting through” regime, all CTA-polymer adducts are 
initially formed within the solution and will have a large preference for the monomers 
bound to the surface.  These considerations indicated that the length of the initiating arm 
should be much smaller than that of the propagating arm and that the small size of the 
initiating arm may circumvent the diffusion problems encountered in “grafting to” 
regimes.  Once the propagating arm begins to grow back out into solution its growth will 
be mediated, as depicted in Figure 32, in typical RAFT fashion.  
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Figure 32 
Depiction of grafting methyl methacrylate through the surface of TiO2 nanoparticles. 
To facilitate the complete removal of any non-surface-grafted chains after the 
reaction, low molecular weight polymer with MW~5000g/mol was targeted.  Initial 
attempts at grafting were conducted in sealed tubes after de-gassing by several freeze-
thaw cycles.  Using Fukuda’s reaction conditions, a ratio of CTA/AIBN of 10 was used 
and their concentrations kept at 280mM and 27mM, respectively.  A large excess of 
MMA was used to create more opportunity for surface groups to react.  Polymerization 
was started by immersing the tube into a pre-heated oil bath and allowed to run overnight.  
During the reaction the particulates settled to the bottom of the tube and polymerization 
from the particle surfaces may have been hindered.  The resulting purple/pink mixture 
was diluted with methylene chloride and spun in a centrifuge to isolate the nanoparticles.  
The washing process was aided by the vibrant pink color of the RAFT CTA which was 
very strong after the first spin cycle.  Typically after three washes the supernate was 
clear, however three more washes were performed to ensure the extraction of any non-
grafted chains.  The resulting particles had an observable faint pink coloration indicating 
the presence of dithioester end-capped chains on the surface of the particles.  DRIFT 
measurements confirmed this, and the spectrum is shown in Figure 33. 
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Figure 33:  DRIFT spectra of PMMA grafted TiO2 nanoparticles. 
The carbonyl stretch at 1730 cm-1 shows the presence of methacrylate functional groups 
on the surface.  The disappearance of the vinyl peak at 1628 cm-1 indicates that some 
amount of monomer on the surface was polymerized in the reaction.  While the presence 
of PMMA on the surface was confirmed, the carbonyl peak is very small indicating a 
small percentage of polymer had been grafted on the surface.   
Another consideration is the composition of the supernant solution.  Mass 
measurements of the particles and polymer free in solution showed a much greater presence 
of polymer in solution than on the particulate surface.  To check for the presence of 
polymer in the supernant, the FT-IR spectrum was taken and the results are shown in 
Figure 34. 
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Figure 34:  FT-IR spectra of the supernate from the first grafting attempt. 
The strong carbonyl peak at 1710cm-1 results from the presence of PMMA.  Also present at 
2237cm-1 and 1049cm-1 are the CN and C=S groups of the dithioester.  DSC scans of the 
supernate did not detect the presence of PMMA.  In addition to the presence of polymer, 
there is also the possibility that nanoparticles may be present as well.  As the grafting 
reaction proceeds and particles are functionalized with PMMA, their dispersion into the 
supernate would be improved compared to bare TiO2.  As a result, TGA measurements of 
the supernate were conducted and found that no particles were present. 
To assess the amount of polymer on the surface of the particles, TGA was employed.  
TGA thermograms for the phosphonate functionalized as well as PMMA grafted 
nanoparticles are shown in Figure 35. 
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Figure 35 
TGA thermogram of TiO2 nanoparticles functionalized with di-tert-butyl-4-inylbenzylphosphonate and PMMA. 
The grafted nanoparticles exhibit only a 1.06% greater mass loss than the phosphonate 
functionalized particles.  This weight loss would correspond to 0.0001 moles or 
6.38x1019 methacrylate monomers.  Given that there are 8.66 x 1019 phosphonate 
molecules bonded to the surface, this corresponds to 0.73 methacrylate monomers per 
phosphonate coupling molecule.  It is thus likely that not every vinyl bond on the surface 
took part in grafting.  DSC analysis of both the particles and supernant failed to detect the 
presence of polymer. 
To improve on these results, reactions were run in a three-necked flask which could 
be stirred magnetically.  This provided a more thorough dispersion of the nanoparticles 
and should have allowed vinyl groups on all surfaces a better chance to take part in the 
reaction.  The concentrations of monomer and AIBN were held the same, however, the 
amount of CTA used was halved to bring the ratio of CTA/AIBN to 5, which is typically 
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used in RAFT polymerizations.  It was hoped that this would induce the production of 
higher molecular weight polymer on the surface.  To help drive the reaction, the 
temperature was ramped from 60 to 80oC over the course of polymerization.  The DRIFT 
spectrum of nanoparticles treated in this manner is shown in Figure 36.   
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Figure 36 
DRIFT spectrum of second attempt at PMMA grafted TiO2 nanoparticles. 
Again the methyl methacrylate carbonyl peak was observed at 1732cm-1, however it was 
more intense than was observed in the previous trial. Again, the disappearance of the 
vinyl peak at 1628cm-1 indicates that some amount of monomer on the surface was 
polymerized in the reaction.  As in previous trials, mass measurements of the particles 
and reaction mixture showed a much higher weight of free polymer than grafted.  DSC 
analysis of the supernant failed to detect the presence of polymer.  TGA of these samples 
was compared to the phosphonate treated particles in Figure 37.  
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Figure 37 
TGA thermogram of TiO2 nanoparticles functionalized with di-tert-butyl-4-inylbenzylphosphonate and the 
second attempt at grafted PMMA. 
This trial shows a slightly increased weight loss of 8.39%.  This mass loss takes place 
rather sharply and this is consistent with the decomposition of PMMA.  The weight loss 
corresponds to 0.00011 moles or 6.98x1019 methacrylate monomers or 0.81 methacrylate 
monomers per phosphonate coupling molecule.  Again, these results seem to indicate that 
not every surface monomer was incorporated into grafted chains.   While slightly more 
PMMA was detected the amount on the surface was still less than desired and could not 
be detected using DSC.  
The final attempt at increasing the amount of polymer grafted on the surface held the 
monomer concentrations constant.  Although the CTA/AIBN ratio was kept at 5, their 
concentrations were reduced by 70% to 98mM and 19mM, respectively.  As before, the 
temperature was ramped from 60 to 80oC over the course of polymerization.  Yet in this 
trial, unlike the second, the loss of solvent was noted.  The DRIFT spectrum of 
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nanoparticles treated in this manner is shown in Figure 38. 
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Figure 38 
DRIFT spectrum of the third attempt at PMMA grafted TiO2 nanoparticles. 
The resulting spectrum is very similar to the second trial, showing both a strong methyl 
methacrylate carbonyl peak at 1737cm-1 and the disappearance of the vinyl peak at 
1628cm-1.  TGA of these samples compared to phosphonate treated particles is shown in 
Figure 39.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39 
TGA thermogram of TiO2 nanoparticles functionalized with di-tert-butyl-4-vinylbenzylphosphonate and 
PMMA. 
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This trial showed the largest weight loss of 8.43% corresponding to 0.83 methyl 
methacrylate molecules per phosphonate coupling molecule.  The DSC thermogram of 
the particles from the third grafting attempt is shown in Figure 40. 
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Figure 40 
DSC thermogram of PMMA grafted nanoparticles from the third grafting attempt.  
Shown is the third heating/cooling cycle. 
 
During the cooling cycle there is a very slight glass transition peak at ~60oC.  The low 
intensity of this peak suggests only small amounts of polymer on the surface.  The low 
temperature at which it is observed indicates PMMA oligomers of short length.  Also 
present during the cooling cycle is a broad peak between 135-55oC.  This peak is 
potentially an overlap of two separate peaks.  One being a glass transition in the cooling 
cycle at low temperatures and the other resultant from the particles before grafting as 
shown in Figure 41 and Figure 42.  
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Figure 41 
DSC thermogram of untreated TiO2 nanoparticles.  Shown is the third heating/cooling cycle. 
 
 
 
 
 
 
 
 
 
 
Figure 42 
DSC thermogram of phosphonate treated TiO2 nanoparticles.  Shown is the third heating/cooling cycle. 
As in previous trials, mass measurements of the particles and reaction mixture 
showed a much higher weight of free polymer than grafted.  FT-IR analysis of the 
supernant confirmed the presence of PMMA and is shown in Figure 43. 
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Figure 43 
FT-IR spectra of the supernate from the third grafting attempt. 
The DSC thermogram of the supernate from the third trial is shown in Figure 44. 
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Figure 44 
DSC thermogram of the supernate from the third grafting attempt.  Shown is the third heating/cooling cycle. 
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Present in the heating cycle is a broad glass transition at ~65oC.  This is a result of 
PMMA chains of small molecular weight.  Also present in the cooling curve are two 
deformations.  The broad peak at ~65oC represents the glass transition.  The broad peak 
at 120oC is observed in DSC analysis of the nanoparticles as discussed before.  This is 
supported by TGA analysis of the supernant, shown in Figure 45, in which the presence 
of 2.48% of a refractory component, presumably TiO2 particles is apparent.   
 
Figure 45 
TGA thermogram of the supernate from the third grafting attempt. 
One might speculate that a small component of more highly grafted particles were 
dispersed in the supernant. 
Even with changes in reaction ratios, the amount of polymer grafted on the surface 
was not effectively controlled.  Figure 46 shows a comparison of all three grafting trials. 
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Figure 46:  TGA comparisons of grafting trials. 
 
The amount of polymer grafted on the surface is roughly the same for all three trials.  
However, one should note the difference in slope of the thermograms.  Trials 2 and 3 lose 
mass much more sharply than trial 1.  Trial 2 used less CTA and trial 3 used less CTA 
and AIBN as compared to the amounts of CTA and AIBN used in trial 1.  Given that 
monomer concentrations were held constant, as less initiating species are introduced into 
the system, one would expect the formation of a smaller number of chains of higher 
molecular weight.  One possible conclusion from the comparison is that in trials 2 and 3 
longer chains were formed, however a smaller number of them were attached to the 
surface.  This could lead to the sharp thermal mass loss observed in these trials.  If in trail 
1, smaller chains were synthesized and a larger number of them were bound to the 
surface, this could lead to the more shallow slope characteristic of low molar mass groups 
on the surface of the particles.  A mass loss characteristic similar to that observed for 
phosphonate grafted particles. 
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The lack of significant amounts of polymer grown on the particles and the formation 
of large amounts of free polymer suggests that the “grafting through” method is less than 
ideal.  One change in the experimental procedure which could lead to improved results 
might be to sonicate  both surface modification and grafting reactions.  This could better 
disperse the nanoparticles in the reaction medium and allow more vinyl phosphonate 
molecules to be grafted to the surface of the oxide particles and enhance polymerization 
through these sites.  An interesting experiment to elucidate the nature of the PMMA 
grafted particles would be to attempt a second-stage polymerization.  If dithioester end-
capped chains have been grafted on the surfaces it should be possible to re-initiate chain 
growth with addition of initiator and monomer.  Successful increase in the amount of 
polymer bonded to the particles would more conclusively show the initial grafting 
reaction to have grown PMMA under RAFT conditions. 
Towards the Direct Anchoring of a RAFT Agent on TiO2 Surfaces  
Direct attachment of the RAFT CTA to the surface has been demonstrated to be an 
effective method for grafting polymer brushes from surfaces because little free polymer is 
formed.51  Given that 4-cyanopentanoic acid dithiobenzoate had already been 
synthesized, an attempt was made to create a synthetic route to incorporate it into a 
coupling molecule containing a phosphonate group for surface attachment.  Various 
methods were considered and no promising candidates found.  Our attention then turned 
to another common CTA widely employed in the literature; 2-cyanoprop-2-yl-
dithiobenzoate.  Its synthesis involves reacting α-methyl styrene and DTBA83 and is 
shown in Figure 47.   
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Figure 47:  Synthesis of 2-cyanoprop-2-yl-dithiobenzoate. 
This reaction appears to be tolerant of the presence of the acid-labile t-butyl groups 
contained in the phosphate group.  As a result, a reaction similar to that shown in Figure 
48 may possibly be used to form a RAFT-phosphonate coupling molecule. 
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Figure 48:  Proposed synthesis of phosphonate-dithioester coupling molecule. 
 
This RAFT-phosphonate coupling molecule was selected as Target #3.  The synthesis of 
DTBA is known, however a synthesis for Target #3 has not been previously reported in 
the literature.  Given the similarity between the di-tert-butyl-α-methylstyrene 
phosphonate reagent and di-tert-butyl-4-vinylbenzylphosphonate, it has been proposed 
that it may be synthesized in a similar fashion by nucleophilic displacement of the 
chlorine of 2-[p-(chloromethyl)phenyl]propene as depicted in Figure 49.  
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Figure 49:  Proposed synthesis of phosphonate intermediate. 
Di-tert-butyl phosphite is commercially available however 2-[p-
(chloromethyl)phenyl]propene is not and must be prepared.  Its synthesis has previously 
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been reported.84  It involves a two step process as shown in Figure 50. 
 
 
 
 
 
 
Figure 50 
Synthesis of 2-[p-(chloromethyl)phenyl]propene. 
First, a Grignard reaction is used to convert 4-(chloromethyl)benzoyl chloride into a 4-
(chloromethyl)cumyl alcohol.  The product is afforded after an acid catalyzed 
dehydration of the alcohol. 
With these reactions the synthesis of Target #3 should be possible.  Some progress 
was made toward this end.  The synthesis of 4-(chloromethyl)cumyl alcohol was carried 
out as per Creary et al.83  The Grignard reaction was run at reduced temperatures to 
prevent displacement of the chloromethyl chlorine.  FT-IR of the products from this 
method showed a substantial presence of residual carbonyl peaks indicating the reaction 
was not complete.  To promote the conversion of all carbonyl groups, a 2:1 mole ratio of 
methylmagnesium iodide:4-(chloromethyl)benzoyl chloride was employed, yielding 
better results.  The FT-IR spectrum of this product is shown in Figure 51.     
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Figure 51 
FT-IR spectrum of 4-(chloromethyl)cumyl alcohol. 
The substantial disappearance of the carbonyl peak at 1680cm-1 along with the 
appearance of a broad alcohol between 3100-3600cm-1 indicate the successful conversion 
of the starting material to 4-(chloromethyl)cumyl alcohol.  However, the reaction still did 
not go to completion as evidenced by the weak residual carbonyl peak at 1680cm-1. 
An attempted dehydration of 4-(chloromethyl)cumyl alcohol using the procedure 
prescribed by Creary et al. was conducted.83  In this reaction, a reduced pressure 
distillation at high temperature was used to dehydrate the alcohol in situ.  In our hands, 
this procedure was unsuccessful and led to a glass-like product in which polymerization 
of the vinyl group and crosslinking through the chloromethyl group had apparently taken 
place. 
The final attempt at dehydrating the alcohol was performed by azeotropic distillation 
of 4-(chloromethyl)cumyl alcohol in toluene.  p-Toluenesulfonic acid was chosen as the 
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acid catalyst due to its solubility in toluene.  Upon the addition of p-TSA a persistent 
vibrant red color was observed due to unidentified side products.  The distillation was 
conducted at atmospheric pressure and 120oC.  Early in the reaction, condensation of 
H2O was observed.  This could only result if dehydration of the alcohol had occurred.  
The resulting product was contaminated with red colored impurities which could not be 
removed using column chromatography   The FT-IR spectrum of the product is shown in 
Figure 52.  
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Figure 52: FT-IR spectrum of 2-[p-(chloromethyl)phenyl]propene. 
The significant reduction in the intensity of the alcohol peak indicates that a good portion 
of the alcohol was dehydrated in the reaction, however further purification steps would be 
necessary.   
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Conclusions 
Di-tert-butyl-phosphite was found to effectively bind to the surface of TiO2 
nanoparticles.  Synthesis of PMMA grafted on the surface of TiO2, which utilized both 
RAFT polymerization and phosphonate coupling molecules was accomplished.  The 
“grafting through” technique however was found to be rather inefficient in that only 
small amounts of PMMA were able to be grafted to the surface and much less PMMA 
was anchored onto the surface than was formed free in solution.  Literature precedent 
indicates that “grafting from” a surface-bound CTA would be a more ideal method.  
Relative to this goal, a RAFT-phosphonate coupling molecule was targeted.  A 
retrosynthesis for this RAFT-phosphonate coupling molecule was developed.  Progress 
was made toward this synthesis, however, as yet it remains incomplete.   
Future Directions:  Given that this research opened up previously unexplored avenues 
for grafting polymers, many topics of investigation still remain.  First, the outlined 
synthesis for the phosphonate-dithioester coupling molecule can be completed.  With this 
molecule in hand, one can then proceed to bind it to the surface of TiO2 followed by 
grafting polymer.  Also, a thorough characterization of the TiO2 surface can be 
undertaken.  The chemical behavior of a solid surface can very greatly depending on 
which type of crystalline face is exposed.  By employing XPS on the TiO2 particles used 
in this study, the surface characteristics can be compared to the particles used in the 
literature studies referenced.  This would give one a better expectation of the different 
particles’ ability to be surface treated.  In reference to the organic synthesis portion of the 
project, valuable methods of characterization would include 13C-NMR for 4-
cyanopentanoic acid dithiobenzoate and di-tert-butyl 4-vinylbenzylphosphonate.  In 
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addition, 31P-NMR can be used to both characterize di-tert-butyl 4-
vinylbenzylphosphonate as well as the phosphonate treated particles.  One main goal of 
this study was to create a grafting method which could allow one to grow a wide range of 
polymers from nanoparticulate surfaces.  To this end, grafting reactions should be 
performed from substrates other than titania. 
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